Bacillus subtilis 168ts-200B is a temperature-sensitive mutant of B. subtilis 168 which grows as rods at 30 C but as irregular spheres at 45 C. Growth at the nonpermissive temperature resulted in a deficiency of teichoic acid in the cell wall. A decrease in teichoic acid synthesis coupled with the rapid turnover of this polymer led to a progressive loss until less than 20% of the level found in wild-type rods remained in spheres. Extracts of cells grown at 45 C contained amounts of the enzymes involved in the biosynthesis and glucosylation of teichoic acids that were equal to or greater than those found in normal rods. Cell walls of the spheres were deficient also in the endogenous autolytic enzyme (Nacyl muramyl-L-alanine amidase). Genetic analysis of the mutant by PBS1-mediated transduction and deoxyribonucleic acid-mediated transformation demonstrated that the lesion responsible for these effects (tag-i) is tightly linked to the genes which regulate the glucosylation of teichoic acid in the midportion of the chromosome of B. subtilis.
During the past decade, efforts of many investigators have resulted in the elucidation of the primary structure and biosynthesis of the cell wall of microorganisms (9, 16) . The early studies of Salton and Marshall (18) , which were extended by Young, Spizizen, and Crawford (28) and Warth (Ph.D. thesis, Univ. of Wisconsin, Madison, 1969) , demonstrated the relative chemical simplicity of the cell wall of Bacillus subtilis. In view of the well-defined mechanisms of genetic exchange (transformation and transduction) and the ability of the cells to carry out a complex morphogenetic event (sporulation), B. subtilis was chosen as a model system for studying the regulation of synthesis of the cell wall. Previous investigations demonstrated that the genes regulating the glucosylation of teichoic acid, gtaA, gtaB, and gtaC (24, 26) , and the structure of flagella (10) reside in the mid-portion of the chromosome in a region which constitutes less than 2% of the genome (26) . In the present paper, structural, biochemical, and genetic studies establish that a temperature-sensitive Rodmutant which forms spheres under nonpermis-sive conditions (1) is defective in the biosynthesis of teichoic acid and that the mutation lies in the same region of the chromosome as other genes regulating surface properties. The data suggest that loss of teichoic acid drastically alters the structure of the cell surface, resulting in pheiotropic effects which influence cellular division and cellular morphology. The symbol tag denotes teichoic acid glycerol as contrasted to tar for teichoic acid ribitol; gta genes regulate the glucosylation of teichoic acid (26) .
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designed to label the teichoic acid with 32p, the cells were grown in GM medium buffered with 0.05 M tris (hydroxymethyl)aminomethane (Tris), pH 7.2, containing only 1 mm phosphate (GM-P medium; 25). The GM medium was modified for transformation studies. GM1 medium contained 100 ml of Spizizen's minimal medium supplemented with 22 mM glucose, 0.02% acid-hydrolyzed casein, 0.1% yeast extract, and 50 gg of amino acids per ml to supplement the auxotrophic requirements of the strains (Erickson and Copland, unpublished data). GM2 medium was similar to GM1 medium with the exception that CaCl2 and MgCl2 were added to bring the final concentrations to 5 and 2.5 mM, respectively. The tryptose blood agar base (TBAB, Difco), antibiotic medium no. 3 (PAB, Difco), and minimal glucose agar (MGA) were prepared and utilized as described previously (26) . Transduction. The procedures for preparing lysates for transduction and growth of the recipient strains were modified from the method of Young et al. (26) . When selecting either phage-resistant (Phar) or teichoic acid-producing (Tag+) recombinants, the plates were incubated for 3 hr at 30 C prior to overlay with phage t25 or shift to 45 C, respectively. All experiments included a phage control and a cell control. Transductants were picked with sterile toothpicks and subcultured on the medium used for selection before being examined for unselected markers. In one experiment in which Tag+ recombinants were selected, the clones were restreaked, and isolated colonies were examined for unselected markers. No difference was found between these and clones examined in the usual way; therefore, transductants were not cloned prior to analysis for unselected traits. Cotransduction of tag-i (teichoic acid glycerol) with prototrophic or Phar recombinants was determined by replica-plating the subcultured clones on TBAB at 30 and 45 C. Tag+ recombinants were grown at 30 C before they were examined for auxotrophic markers or phage resistance. Donor and recipient strains were included as controls.
Transformation. The procedure for isolation of DNA was similar to that described previously (27) . Development of competence and transformation were carried out according to a method devised by R. Erickson and J. Copeland (unpublished data). Essentially, 10 ml of GM1 medium was inoculated with a small amount of the recipient strain in the evening (105 cells/ml) and left overnight without shaking at room temperature. In the morning, the culture was transferred, sterilely, to a flask and incubated with shaking (250 rev/min) at 37 C. The turbidity of the culture was followed in a Klett-Summerson colorimeter (filter no. 66) at hourly intervals for the first 2 hr, and at 15-min intervals thereafter. One Klett unit equals approximately 2 x 106 cells/ml. Turbidity was plotted as a function of log2 until growth departed from a linear relationship (T.). At 90 min after To the cells were diluted 1:10 into GM2 medium and incubated for 60 min. Cells were incubated with DNA (final concentrations ranging from 0.01 to 10.0 gg/ml) for 30 min at 37 C with aeration. Deoxyribonuclease (20 Ag/ml, Worthington Biochemical Corp.) was added to each tube, and the cells were diluted in minimal medium. Samples (0.1 ml) were spread on appropriate plates. Transformed colonies obtained from the lowest dilution of transforming DNA giving a minimum of 200 colonies per plate were examined for incorporation of unselected markers in the same manner as transduced colonies.
Preparation of cell walls. Cell walls were prepared from strain RUB1000 (Table 1 ) grown in GM medium for the times and temperatures indicated in the tables. The cells were centrifuged at 10,000 rev/min and washed once with minimal medium; the pellets were stored at -20 C. The harvestings and centrifugations were carried out at 4 C to prevent autolysis.
Cells were ruptured in a Braun homogenizer (28) or in a Hughes press with the pressure maintained over 1,000 lb. Cell walls were isolated, washed, and lyophilized as described previously (28 (24) . The activity of the cell wall-associated autolysin N-acyl-muramyl-L-alanine amidase was determined by turbidimetric analysis in (NH4)2CO3 (pH 8.9, 0.025 M) at 30 C (23) .
The amino acid, amino sugar, phosphorus, and glucose determinations were performed as described previously for cell wall hydrolysates (24, 28) . All data were corrected for degradation of amino sugars during hydrolysis in 4 N HCl at 105 C for 11 hr (28) . The protein concentration of cytoplasmic membranes was determined by the biuret reaction in the presence of sodium deoxycholate to solubilize the membranes (11) .
Assay of enzymes involved in biosynthesis of teichoic acid. Cells were grown to the end of logarithmic phase in GM medium, harvested, washed once in GM medium, and stored at -20 C until needed. All assays were done on the same preparation to preclude variation from culture to culture. Uridine diphosphate (UDP)-glucose: polyglycerolteichoic acid glucosyl transferase (TAG transferase) was assayed by use of protoplast membranes isolated from frozen pellets after treatment with lysozyme, deoxyribonuclease, and ribonuclease (2) .
Cytidine 20 mCi/mmole); enzyme (dissolved in 5 mmoles of Tris-hydrochloride, pH 7.5, at a concentration of 10 mg of protein/ml), 0.1 ml; and glass-distilled water to give a final volume of 0.28 ml. The mixtures were incubated at 37 C for 10 min, and the reactions were stopped by heating for 10 min in a boiling-water bath. The complete reaction mixtures were applied to Whatman 3MM paper and subjected to descending chromatography in ethanol-1 M ammonium acetate (2:1, v/v), pH 3.6 (2). The radioactivity was located by cutting the chromatograms and counting the pieces in a Beckman LS-230 scintillation counter. The amount of CDP-glycerol formed was calculated as a percentage of the radioactivity recovered from a reaction mixture in which the enzyme had been inactivated by boiling prior to the incubation period.
Turnover of teichoic acid. To label the teichoic acid with 32p, strain RUB1000 was incubated for 15 hr at 30 C in GM-P medium and then diluted 100-fold into GM-P medium containing 2.5 ACi of 32p (International Chemical and Nuclear Co.) per ml. After growth to late log phase at 30 C with aeration, 31P (1 mmole/ml) was added to the culture. The cells were grown for an additional 30 min at 30 C, filtered through a type HA filter (0.45 Aim; Millipore Corp.), washed three times with prewarmed GM medium, and resuspended in GM-P medium at 30 or 45 C at 30 Klett units. At transfer, greater than 93% of the 32p was bound to the cells. Samples (1.0 ml) were removed from these cultures at various times and filtered through type HA filters. After determination of the radioactivity of 0.1-ml samples of the filtrate by the method of Haviland and Bieber (12) in a Beckman LS-230 scintillation counter, the remainder was added to a column (50 by 3 cm) of 4% Sepharose (Pharmacia Fine Chemicals, Inc.). The teichoic acid was separated from nucleic acids by elution with potassium phosphate buffer (pH 8.0, 10 mM) with a flow rate of 30 ml/hr (25) . The radioactivity and the optical density at 220 and 260 nm of the fractions were determined. As shown in Fig. 1 , only two peaks were obtained. Peak A is typical of the elution profile of teichoic acid (25) 
RESULTS
Chemical composition of cell walls of strain RUB1000 at 30 and 45 C. B. subtilis 168 (carrying tag-i and hisAl) was'grown at 30 C. After an increase from 8 to 25 Klett units, half of the population was shifted to 45 C. Within 2 hr, the morphology of the culture had changed from rods to irregular spheres. The cultures were harvested and the cell walls were isolated, as described in Materials and
Methods. There was a fourfold reduction in the concentration of phosphorus/mg of cell wall in cells shifted to 45 C. This remaining phosphorus could be due to residual teichoic acid from growth at 30 C. Because spores do not contain teichoic acid (5, 18), Rod-spores were germinated at 30 and 45 C. The cultures were harvested at 137 Klett units, and the cell walls were analyzed, as described in Materials and Methods. As shown in Table 2 , the decreases in the components of teichoic acid were 5-fold, 12-fold, and 26-fold for glucose, phosphorus, and galactosamine, respectively. Since previous studies have demonstrated a close correlation in the glycerol to phosphorus ratio in teichoic acid (Young, unpublished data), glycerol was not determined directly.
Concomitant with the decrease in teichoic acid at 45 C, there was an increase in the proportion of peptidoglycan in the cell wall. When the total amount of alanine in the cell wall was corrected for the amount of alkali-labile D-alanine, the molar ratio of alanine to glutamic acid decreased from 2.3 to 1.5 (24). Thus, the major components of the peptidoglycan in the cell wall were in similar proportions at the two temperatures despite the decrease in teichoic acid and the twofold increase in the relative proportion of peptidoglycan. The residual amounts of phosphorus and glucose suggest that teichoic acid biosynthesis was not completely inhibited at 45 C. Cell walls were also isolated from strain RUB1000 2 hr after a shift from 45 to 30 C. As shown in Table 2 , there was an increase in the components of teichoic acid and a decrease in peptidoglycan. Two striking differences were observed, however. First, the molar ratio of alanine to glutamic acid was 1:1 instead of the expected 1.5:1. Second, the amount of galactosamine was twofold lower than would be predicted from the amount of phosphorus in the cell wall.
Enzymatic studies. The preponderant autolytic activity in the cell walls of sporogenic strains of B. subtilis 168 is N-acyl-muramyl-Lalanine amidase (4, 24) . To investigate whether the loss of teichoic acid was associated with a concomitant loss of autolysin, cell walls were isolated from cultures grown at 30 and 45 C, and were assayed for bound autolysin, as described in Materials and Methods. Cell walls from strain RUB1000 grown at 45 C did not autolyze (Fig. 2) . The addition of crude autolysin from autolyzed cell walls from strain RUB1000 grown at 30 C resulted in lysis of the 45 C cell walls, suggesting that the amount of bound enzyme rather than modification of substrate was the major difference between the The biosynthesis and glucosylation of teichoic acid require three enzymes. To determine whether a deficiency in any of these enzymes could be responsible for the loss of teichoic acid under the nonpermissive condition, cells were grown at 30 and 45 C, and crude extracts were examined for the presence of CDP:glycerol pyrophosphorylase, CDP:glycerol polyglycerol transferase, and TAG transferase. Table 3 shows that all are present in cell-free extracts of strain RUB1000 grown from spores at 30 and 45 C. Thus, the deficiency of teichoic acid in spheres cannot be due to inactivation of these enzymes at 45 C. In fact, there is an increase in the specific activity of CDP:glycerol pyrophosphorylase and TAG transferase at 45 C.
Adsorption of phage 4)25. Glucosylation of teichoic acid is essential for adsorption of many of the phages that infect B. subtilis 168. Because secondary binding sites could be unmasked by the loss of polyglycerol phosphates, cell walls isolated from strain RUB1000 at 30 and 45 C were used for adsorption of 425. Cell walls obtained from cells grown at 45 C did not adsorb virus, whereas walls obtained from cells grown at 30 C adsorbed 4)25 at apparently normal rates (Fig. 3) .
Turnover of teichoic acid. The teichoic acid in the cell wall of the parent (BR19) and the mutant (RUB1000) was labeled with 32p at 30 C, as described in Materials and Methods. After a shift to 45 C, the parent released macromolecular teichoic acid at a linear rate for 2.5 hr (Fig. 4) . The parent incubated at 30 C or the mutant grown at either 30 or 45 C showed a lag in the release of teichoic acid. After approximately 1 hr, each of these populations began to release teichoic acid more rapidly, and the rate approximated that of the parent incubated at 45 C. At both temperatures, less teichoic acid was released by the mutant than by the parent at corresponding times after the shift. The 2.5-hr samples indicated that all populations except the mutant grown at 45 C were still releasing teichoic acid. This observa- Genetic studies. The generalized transducing phage PBS1 contains large fragments of bacterial DNA ranging up to 8% of the cell genome (8) . Therefore, initial localization of the tag-i mutation was accomplished by PBS1-mediated transduction of standard recipient strains. Of the markers tested, linkage was limited to hisAl. As in previous mapping studies, in this region there was no linkage to either of the outside markers cysB3 or argC4 (Table 4) .
To determine whether only one locus was responsible for the phenotype expressed in 168ts-200B, tag-i was introduced into strain BR19 by congression (15) . In this way, we constructed two strains (RUB1000 and RUB1001), and B. subtilis RUB1000 were grown in the presence of 32)P) at 30 C, chased with 32p,, and then treated and grown at 30 or 45 C as described in Materials and Methods. Filtrates of the 1-and 2-hr samples of each culture were chromatographed as described in Fig. 1 . The proportion of radioactivity in teichoic acid in the filtrates taken at other times was determined by multiplying the total radioactivity of the filtrate by the percentage of radioactivity that was in peak A at 1 and 2 hr of incubation. Symbols: *, RUB1000 grown at 30 C; 0, BR19 grown at 30 C; 0, RUB1000 grown at 45 C; 0, BR19 grown at 45 C. carrying either the trpC2 or the hisAl mutation and the tag-1 mutation. To confirm the location of the tag locus and to compare the behavior of the tag-i lesion in strains 168ts-200B and RUB1000, lysates of PBS1 propagated on these strains were used for a threepoint cross with strain G-5 (carrying hisAl, gtaA12) as the recipient. Transductants were selected for His+ and examined for the incorporation of the unselected marker traits Phar and Tag-( Table 5 ). The tag-1 and gtaA12 markers were cotransduced with the hisA locus with a frequency of 42% and 38% in strains 168ts-200B and RUB1000, respectively. In both crosses, there was one transductant that was phage-sensitive but temperature-insensitive, which indicated that the tag-i lesion was located to the right of the gtaA 12 lesion in B. subtilis.
Strain RUB1002 (carrying trpC2 and gtaA 12) was derived by transformation of strain BR19 with DNA isolated from strain BY12. A PBS1 lysate propagated on strain RUB1002 was used to transduce strain RUB1001 to either His+ or Tag+ (Table 6) . Selection for phage resistance was not satisfactory because of the high number of phage-resistant spontaneous revertants (26) . The Tables 6a and 6b demonstrate that the gtaA locus is to the left of tag on the chromosome of B. subtilis.
DNA-mediated transformation was used for fine-structure analysis. Strain RUB1000 was a The designations 1 and 0 refer to donor and recipient genotypes, respectively (as described in 26) . PBS1 lysates grown on either strain 168ts-200B or strain RUB1000 were used to transduce strain G-5 (hisAl argC4 gtaA12) to His+. The recombinants were examined for gtaA12 and tag-i genotypes.
transformed from Rod-to Rod+ with DNA preparations isolated from three strains, BY12, BR290, and BY51 (Table 1) , carrying different gta loci. The transformants were examined for sensitivity to phage M25. The DNA isolated from strain BY12 (carring gtaA12) was also used to select Phar transformants which were subsequently examined for incorporation of Tag+. To minimize the production of pseudodoubles in the transformants, limiting concentrations of DNA (ca. 0.1 ,ug/ml) were used. The results of these crosses (Table 7) clearly demonstrate that tag-i is more closely linked to gtaA12 than it is to the other two gta markers. The gtaA12, gtaB290, and gtaC51 loci were cotransformed with tag-i with frequencies of 50%, 10%, and 1%, respectively. Phar (gtaA12) (10, 26) establish the most probable order for the markers in this region, as shown in Fig. 5 .
DISCUSSION Previous morphological studies of B. subtilis have indicated that the cell wall of this organism consists of a trilaminar structure with inner and outer discrete electron-dense areas separated by a thicker homogeneous zone (6) . At 45 C, the middle layer of the cell wall of the mutant (RUB1000) is markedly thickened. There is a concomitant loss of the inner and outer lamella (6) . The inner and outer lamella reappear after a shift to the permissive temperature. The following biochemical and genetic analysis of strain RUB1000 indicates that the morphological alterations under nonpermissive conditions are related to a loss of teichoic acid: (i) a shift from the permissive (30 C) to the nonpermissive conditions (45 C) is accompanied by a marked reduction of teichoic acid in the cell wall; (ii) germination of mutant spores at the nonpermissive temperature results in the formation of distorted spheres which contain less than 9% of the wildtype level of teichoic acid; (iii) the molar ratios of the peptidoglycan in the wild type and mutant are similar at 30 and 45 C; and (iv) transfer of the locus from the original strain to other standard recipients by PBS1-mediated transduction or DNA-mediated transformation is accompanied by an association between the Rod-phenotype and loss of teichoic acid from the cell wall. Furthermore, this locus is linked tightly to the genes regulating the glucosylation of teichoic acid. To date, the genes regulating the structure of the cell wall and its appendages reside in a region that constitutes less than 2% of the genome. Cotransformation experiments are in progress with DNA treated with nitrous acid to determine whether other cell wall loci reside in this region.
The deficiency in teichoic acid at nonpermissive temperatures cannot be explained by deficiencies in the enzymes known to be in- volved in the biosynthesis of teichoic acid. Shaw et al. (20) also were unable to correlate enzymatic defects with the inability to synthesize ribitol teichoic acid in a pleiotropic teichoic acid-deficient mutant of Staphylococcus aureus 52A5. It will be important to determine whether these represent fundamental modifications in the organization of enzymes in the cytoplasmic membrane or whether there is a more trivial explanation, such as a change in the acceptor that precludes the transfer of nascent chains of wall polymers. Nevertheless, transfer to restrictive conditions results in a loss of teichoic acid from the cell wall. The failure of biosynthesis to keep pace with the rapid tumover of the cell wall, as demonstrated in labeling experiments, is probably responsible for this loss. For instance, after a lag of 60 min in the mutant, the rate of release of teichoic acid at 45 C is similar to that in the parent at 45 C. Chromatography of the supernatant fractions from the wild type and mutant at 30 and 45 C demonstrates that 50% of the released radioactivity is in macromolecular teichoic acid and is not due to extensive degradation by enzymes such as teichoicase (Wise et al., Bacteriol. Proc., p. 49, 1971). However, the differences between the peaks in region B of the 32p and the absorbancy curves (Fig. 1) suggest that there may be some smaller fragments of teichoic acid in the supernatant fraction. The abrupt cessation of synthesis of teichoic acid after 2 hr observed in the mutant but not in the wild type suggests that biosynthesis of teichoic acid may be necessary for continual tumover. In a closely related strain, B. subtilis W23, which contains ribitol rather than glycerol teichoic acid (14) , there was a 50% turnover of cell wall per generation. This observation is substantiated by electron micrographs, which show fragmentation of the cell wall of B. subtilis 168 during growth (6) . Studies in progress should establish whether the N-acyl-muramyl-L-alanine amidase (23), a hexaminidase (4), or other enzymes are involved in this tumover process.
Shift from the nonpermissive to permissive conditions of growth results in the reinitiation of synthesis of teichoic acid; however, the galactosamine which is associated with the teichoic acid fraction does not increase as rapidly as the other components of teichoic acid. Analysis of the peptidoglycan during reversion indicates that significant remodeling of the cell wall occurs. After correction for the amount of D-alanine in teichoic acid, the molar ratios of the major components in the peptide of the cell wall at 30 and 45 C are 1.5:1:1 for ala- nine, glutamic acid, and diaminopimelic acid, respectively, whereas during reversion the molar ratios of these compounds were 1:1: 0.9, respectively. Structural studies correlated with analyses of and turnover of peptidoglycan should distinguish between excision of preexisting cross-bridges and merely the synthesis of non-cross-linked peptides.
Although the rigid structure of the cell wall has been attributed to peptidoglycan in B. subtilis, these observations suggest that deficiency of teichoic acid may result in profound morphological alterations in the cell wall. Heptinstall, Archibald, and Baddiley (13) suggested that teichoic acid may play a central role in maintaining the ionic environment for the cytoplasmic membrane. In addition, the studies of Tomasz (21, 22) have shown that the mere substitution of ethanolamine for choline in the teichoic acid of pneumococci can modify autolysis of the cells and inhibit cellular separation. Other modifications, such as the chemical removal of the D-alanine residues on teichoic acid in Streptococcus zymogenes, render the wall susceptible to lysis by its endogenous autolysin(s) (7) . A further relationship between autolysins and teichoic acid is revealed in this study. Cell walls of strain RUB1000 do not autolyze spontaneously at 45 C. However, the addition of autolysin from lysates of cell walls grown at 30 C results in autolysis, indicating that modification of the substrate is not responsible for this inhibition of autolysis. On the other hand, if cells of strain RUB1000 are suspended in 1.2 M NaCl, they lyse more rapidly than wild-type cells (Chatterjee and Young, unpublished data). A similar phenomenon was observed with the teichoic aciddefective strain of Staphylococcus aureus 52A5 (Gilpin et al., Bacteriol. Proc., p. 49, 1971). Furthermore, previous studies have shown that the N-acyl-muramyl-L-alanine amidase is tightly associated with teichoic acid (3). Therefore, the teichoic acid may selectively bind autolytic enzymes to the cell wall and modulate their action. Thus, the distorted morphology of these cells could result from the excess layers of peptidoglycan which accumulate when teichoic acid and its associated autolysins are decreased. In view of these findings, it will be important to determine whether teichoic acid plays a role in regulation of peptidoglycan synthesis or supramolecular organization.
